ABSTRACT Satellite communication systems need to be integrated with emerging cooperative relaying techniques to provide seamless connectivity and high-speed broadband access for mobile users in future wireless networks. In this paper, we study a multi-antenna multiuser hybrid satellite-terrestrial relay network (HSTRN) employing opportunistic user scheduling with outdated channel state information (CSI) and amplify-and-forward relaying with co-channel interference (CCI). By adopting Shadowed-Rician fading for satellite links and Nakagami-m fading for terrestrial links, we derive novel and accurate expressions for outage probability and ergodic capacity of the proposed HSTRN, and further examine its achievable diversity order. More importantly, we conduct the performance analysis by taking both uncorrelated and correlated Shadowed-Rician fading channels into account and show that the antenna correlation at the satellite does not affect the overall system diversity order. Our derived analytical expressions provide efficient tools to characterize the impact of CCI, outdated CSI, and antenna correlation on the system performance of HSTRN with an arbitrary number of satellite antennas, number of interferers, number of users, and integer values of the per-hop fading severity parameters. Our results provide useful guidelines in the design of futuristic HSTRNs for satellite mobile communications.
I. INTRODUCTION
The growing demand for high data rates and high-fidelity services anytime and anywhere have stimulated the deployment of satellite mobile communications in the fifth generation (5G) era. A hybrid satellite-terrestrial network has been incorporated in Digital Video Broadcasting (DVB) system which provides Satellite services to Handheld devices (SH) by making use of a geostationary (GEO) satellite operating at S (2/4 GHz) band, leading to a high performance new generation standard, known as DVB-SH [1] . The transmission systems using such standards have been proposed to provide multimedia services to a variety of mobile terminals, along with a complementary ground network consisting of terrestrial repeaters fed by a broadcast distribution network of various kinds (e.g., DVB-S2). The target terminals may include handheld (PDAs, mobile phones, etc.), vehiclemounted, and nomadic (laptops, palmtops, etc.) devices.
Recently, researchers have envisaged the integration of satellite and terrestrial systems to form a hybrid satelliteterrestrial relay network (HSTRN) model [2] - [4] , which basically implants terrestrial relay cooperation to satellite mobile communications [5] . Such HSTRN can provide broadcast/multicast services and uninterrupted coverage to portable and mobile users. It enhances indoor coverage and retains service availability, especially in highly shadowed regions like shopping malls, tunnels, etc., where the users do not have line-of-sight (LOS) communication with the satellite due to masking effect. While many works have analyzed the performance of HSTRN using amplify-and-forward (AF) [6] - [10] and decode-and-forward (DF) relaying [11] - [13] , they have focussed on a single-user scenario. Multiuser relay network is a promising architecture for future mobile communication systems, wherein a relay can assist the communication between a source and multiple destinations/users [14] . Such architecture has been adopted in a number of standards like IEEE 802.11s and IEEE 802.16j [15] . The HSTRN has also been extended to a multiuser scenario [16] , [17] since the futuristic 5G mobile systems need to provide high throughput services to a large number of terrestrial users. Specifically, in [16] , a multiuser HSTRN has been studied with opportunistic user scheduling to exploit multiuser diversity. In [17] , a multi-user multi-relay architecture for HSTRN has been explored. However, these works have assumed the knowledge of perfect channel state information (CSI) to facilitate the user selection process. In practice, the CSI for user selection may be outdated due to various reasons such as feedback delay, mobility, etc. Further, with dense frequency reuse in wireless networks, the HSTRN is prone to co-channel interference (CCI). Although few works [8] - [10] , [13] have considered the impact of CCI on the performance of HSTRN, they are limited to the single user scenarios. Toward this end, in a preliminary work [18] , the performance of an AF-based multiuser HSTRN has been investigated by employing opportunistic user scheduling in the presence of outdated CSI and CCI at the relay.
On another front, significant research attention has been directed towards deploying multiple-input multiple-output (MIMO) technology with satellite communication systems to achieve performance gains with multiple antennas [19] - [21] . Indeed, the channel and propagation characteristics of satellite links are different from the terrestrial links and thereby potential MIMO exploitation in satellite communication is of primary concern. The main difference lies in the LOS characterization of satellite channels and the lack of scatterers around the satellite. This may result into a strong LOS and a high channel correlation due to insufficient antenna separation and sparse scattering environment at the transmitting satellite. As such, the multipath fading effects over the spatial dimension may get subsided and the potential benefits of MIMO could not be fully exploited in such scenario. With this view point, few recent works have considered correlated fading channels over satellite links, and exploited beamforming [22] , [23] and space-time coding [24] , respectively, in dual-hop and single-hop land mobile satellite systems. Besides these, majority of the works on MIMO satellite communications (e.g., see [25] - [28] and references therein) have adopted independent and identically distributed (i.i.d.) assumptions for the pertaining multiple channels. In particular, the authors in [26] have established the MIMO channel model of Ka-band satellite-earth link and evaluated its error performance using i.i.d. entries. They have pointed out that the technology of artificially disturbing channel can make it a way for producing the i.i.d. channel fading matrix for the satellite MIMO communication. In fact, the theoretical studies on such topics have recently begun with a main focus on determining the system performance limits. Moreover, in the most recent literature [29] - [31] , it has been emphasized that the satellite communication system must be integrated with the terrestrial network to fulfil the requirements of 5G wireless network. Thereby, it is important to evaluate the performance of multiuser HSTRNs with MIMO configuration in realistic operating conditions.
In contrast to the previous works, in this paper, we study a more generalized HSTRN architecture 1 by configuring with multiple terrestrial users, multiple co-channel interferers at the AF relay, and multiple antennas at the satellite and users/destinations. Specifically, we employ MRT and MRC based transmit and receive beamforming at the satellite and land mobile users respectively. Considering mobility of land users, we employ user scheduling with outdated CSI over Nakagami-m fading channels of pertinent links. Moreover, by adopting both i.i.d. and correlated Shadowed-Rician fading 2 channels for satellite links, 3 we conduct a comprehensive performance analysis of the proposed HSTRN in terms of outage probability (OP) and ergodic capacity (EC) in the presence of outdated CSI and CCI with arbitrary number of antennas, number of interferers, number of users, and arbitrary integer values of the fading severity parameters over the two hops. Such investigation is important to understand the achievable performance of HSTRN for its potential deploy- 1 This corresponds to a downlink multiuser HSTRN, where a source satellite communicates with multiple users with the assistance of a single-antenna relay at the ground. The assumption of single-antenna relay is reasonable since, in many practical scenarios, a low power repeater could be located at the rooftop of a building or on an unmanned aerial vehicle (UAV) in order to achieve coverage in urban areas where the direct satellite signal power is poor. In such scenarios, it is very likely that limited scattering phenomena will be expected due to the absence of local scatterers around the communication antennas and thus the adoption of diversity techniques will not offer any important gain. Moreover, in various scenarios, the relay is not able to support sophisticated transceiving techniques, e.g., maximalratio transmission (MRT) and maximal-ratio combining (MRC), due to space/energy constraints that are imposed by the use case assumed. For example, if the relay is mounted in an aerial platform, it is meaningless to include multiple antennas in such a limited available space with so restricted energy constraints. It should be noted that various works in the past have also assumed single-antenna relay communication scenarios in similar system models e.g., [28] , [32] - [35] . 2 The Shadowed-Rician channel model, as defined in [36] , describes accurately the land mobile satellite communication channel, where a random LOS component follows Nakagami-m distribution with 0 ≤ m ≤ ∞, while the multipath component follows the Rician fading. This model is widely adopted in literature [6] and [27] for the performance analysis of hybrid satellite-terrestrial systems since it offers less computational burden as compared to other models like Loo's model [37] . 3 Herein, we assume perfect CSI acquisition with negligible Doppler spread over the satellite-relay links by considering a GEO satellite and a fixed location of the terrestrial relay. Albeit, in [38] , authors have studied such problems of channel estimation and associated imperfection for a basic HSTRN, the research in this domain is in still infancy and is a topic for future investigation. Nevertheless, our presented results will serve as a benchmark of system performance for the multi-antenna multiuser HSTRN. ment in futuristic wireless systems. The major contributions of this paper can be summarized as follows:
• We study a MIMO based multiuser HSTRN employing AF relaying in the presence of CCI and opportunistic scheduling of terrestrial users in the presence of outdated CSI, under Shadowed-Rician faded satellite links and Nakagami-m faded terrestrial links. This is a more generalized, realistic and complicated set-up as compared with existing ones that considered either single-user systems [22] - [28] or single-antenna systems [16] , [18] . Although [17] considered a multi-antenna satellite, it is resorted to the ideal case of i.i.d. links, perfect CSI, and no CCI.
• By considering both i.i.d. and correlated ShadowedRician fading scenarios at satellite, we derive accurate OP expressions for the proposed HSTRN over generalized hybrid channels. This is in contrast to that presented in [28] where an upper bound OP expression has been derived for much simpler and ideal case of single-user HSTRN with i.i.d. Shadowed-Rician satellite links and Rayleigh fading terrestrial links, and it also does not always lead to tight results.
• We further deduce asymptotic OP expressions in the high signal-to-noise ratio (SNR) regime to evaluate the diversity performance of the considered HSTRN and illustrate that the achievable diversity order would not get affected with antenna correlation at the satellite.
• We also derive novel and accurate expressions for the EC of the proposed HSTRN under both i.i.d. and correlated Shadowed-Rician satellite links and Nakagami-m fading terrestrial links. Our numerical and simulation results highlight the impact of various key parameters on the system performance of HSTRN. The rest of this paper is organized as follows. In Section II, we explain system model for a multi-antenna multiuser HSTRN. We present the performance analysis of proposed HSTRN by considering uncorrelated Shadowed-Rician fading channels in Section III. Subsequently, we conduct the system performance analysis under correlated ShadowedRician fading scenario in Section IV. Section V presents the numerical and simulation results, and finally, the conclusions are drawn in Section VI.
Notations: E[·] represents the expectation and CN (µ, σ 2 ) denotes complex normal distribution with mean µ and variance σ 2 . f X (·) and F X (·) represent the probability density function (PDF) and cumulative distribution function (CDF) of a random variable (RV) X , respectively. || · || F is Frobenius norm and (·) † denotes conjugate transpose. I represents the identity matrix.
and (·) represent, respectively, the lower incomplete and the complete gamma functions [49, eq. (8.350) ].
II. SYSTEM MODEL
As shown in Fig. 1 , we consider a multi-antenna multiuser HSTRN wherein a GEO satellite source S communicates with N terrestrial destinations {D n } N n=1 via a terrestrial AF relay R. The satellite S and all destinations D n are equipped with N s and N d antennas, respectively, while the relay R is equipped with a single antenna. Further, we consider that the relay node is inflicted by M co-channel interferers
and each user is inflicted by the additive white Gaussian noise (AWGN). This is a commonly adopted scenario with respect to frequency division relaying systems [11] , [13] , [39] wherein the relay and user nodes experience different interference patterns. 4 Due to shadowing effects, the direct links between the satellite and the terrestrial users are not available. These direct links could be masked in certain scenarios such as heavy shadowing, obstacles in the environment, users moving to tunnels, indoor users, etc. We denote h sr as the N s × 1 Shadowed-Rician channel vector between N s antennas at S and R. Likewise, h rd n represents the N d × 1 Nakagami-m channel vector between the R and the N d antennas at nth destination D n . Whereas, h ir denotes the channel coefficient of the link between ith interferer and relay. We assume that the fading coefficients {h ir } M i=1 are independent and nonidentically distributed (i.ni.d.) Nakagami-m RVs with corresponding severity parameters {m ci } M i=1 and average powers
. The overall communication takes place in two temporal phases by employing opportunistic scheduling of users. In the first phase, satellite S beamforms its unit energy signal x s to the relay R. The received signal at R can be expressed as
where P s is the transmit power at S, w sr is the N s × 1 transmit weight vector, P ci is the transmit power of the ith interferer, x i is the unit energy signal of the ith interferer, and n r ∼ CN (0, σ 2 ) is AWGN at relay R. The transmit beamforming vector w sr ∈ C N s ×1 is chosen according to the principle of MRT [40] as w sr = h sr ||h sr || F . Note that this requires CSI for the satellite-relay links only and hence may offer a low implementation complexity. 5 During the second phase, the relay R first amplifies the received signal y r by a gain factor G and then forwards it to the selected destination D n . Hence, the received signal at D n after MRC is expressed as
where P r is the transmit power at R, w rd n is the N d ×1 receive weight vector, and n d n ∼ CN (0, σ 2 I ) is the N d × 1 AWGN vector. According to the MRC principle [40] , the receive beamforming vector is chosen as w rd n = h rdn ||h rdn || F . Thus, based on (2), the end-to-end signal-to-interference-plus-noise-ratio (SINR) can be obtained as
where
For variable gain relaying, the gain G in (3) can be determined as
wherein it is assumed that the amplification process is performed by a simple normalization of the total received power at the relay without applying any interference mitigation technique, as widely adopted in similar studies [10] , [14] , [28] . Thus, the instantaneous end-to-end SINR at the nth destination is given by
To harness the multiuser diversity inherent in the considered network, an opportunistic scheduling of D n is employed, wherein the transmissions are scheduled based on the channel quality of multiple destinations with the relay. For this, the relay first selects the destination with the strongest R-D n link, and then feeds back the index of the selected user to the satellite S. As such, the instantaneous SNR of the relay-user link is formulated by
In realistic scenarios, where the channel changes rapidly enough, the CSI obtained by the relay could be outdated [41] . Thereby, a delay exists between the user selection phase and the data transmission phase. Hence, the actual endto-end SINR associated with the scheduled user can be given by
5 This is in contrast to other beamforming schemes which may require CSI of overall links to attain a better performance. It would however be very difficult for the satellite to acquire the CSI of interfering links as well as that of multi-antenna multiuser links over the second hop in practice.
where γ rd is the delayed version of γ rd . Let γ rd n be the delayed version of γ rd n and is given by γ rd n = η r || h rd n || 2 F , where h rd n is the delayed version of h rd n . The correlation coefficient between γ rd n and γ rd n can be given by ρ rd = J 2 0 (2πf o τ ) [42] 
III. PERFORMANCE ANALYSIS WITH UNCORRELATED SHADOWED-RICIAN FADING
In this section, we present OP and EC analysis for the HSTRN as described previously in the presence of uncorrelated Shadowed-Rician fading of S − R link. We also deduce the achievable diversity order of the system by carrying out an asymptotic OP analysis at high SNR.
Herein, we consider the channel vector h sr with i.i.d. Shadowed-Rician fading entries. As such, the PDF of the squared amplitude of the channel coefficient h
sr between satellite's ıth antenna and the relay is given by [6] , [36] 
, and δ = s /(2b(2bm s + s )) with s and 2b being the average power of LOS and multipath components, respectively, m s is the fading severity parameter, and 1 F 1 (·; ·; ·) is the confluent hypergeometric function of the first kind [49, eq. (9.210.1)].
Throughout this paper, we resort to the integer values of the Shadowed-Rician fading severity parameter [27] for analytical tractability. In fact, the hypergeometric function can be represented via Kummer's transform [43] as
where (·) n is the Pochhammer symbol [49, p. xliii]. Thereby, for integer m s , we can simplify 1 F 1 (m s ; 1; δx) to represent the PDF in (8) as
Lemma 1: The PDF and CDF of γ sr under i.i.d. Shadowed-Rician fading can be given, respectively, by
and
where users, the pertinent channels follow i.i.d. Nakagami-m fading 6 with fading severity m d and average power d . As such, the PDF and CDF of channel gain γ rd n are given, respectively, by
Lemma 2: The PDF of γ rd can be given by
and the coefficients ω
Proof: By applying order statistics, the PDF of γ rd can be represented as 
6 As in various works [14] , [28] , we follow i.i.d. assumption for terrestrial users to keep the system performance analysis tractable. Such a scenario may however be realized in practice when the terrestrial users are clustered relatively close together (location-based clustering).
Since γ rd and γ rd are correlated Gamma-distributed RVs, the PDF of γ rd can be obtained as
where f γ rd |γ rd (x|y) is the conditional PDF of γ rd , conditioned on γ rd . It can be given by [40] f γ rd |γ rd (x|y)
where (19) and (17) into (18), and simplifying using the approach in [42] , we obtain (15) . Now, differently from f γ sr (x) and f γ rd (x), the derivation of exact PDF of γ c is rather intractable since it involves the sum of i.ni.d. Gamma RVs and hence needs to perform a multifold convolution, becoming cumbersome even for small number of interferers. Therefore, as in [44] and [45] , we resort to a highly accurate approximation approach [46] by which the PDF of γ c can be represented effectively to that of a single Gamma RV as
where the parameters m I and I are calculated from momentbased estimators. For this, we define = M i=1 |h ir | 2 and, without loss of generality, we assume no power control is used i.e., P ci = P c or η ci = η c = P c σ 2 . Then, from [44] and [45] , we have I = η c c with
. Herein, the exact moments of can be obtained in terms of the individual moments of the summands as
A. OUTAGE PROBABILITY
The OP is defined as the probability that the instantaneous end-to-end SINR γ sd falls below a certain threshold γ th . It can be mathematically represented as
In order to evaluate OP in (23), we derive the required CDF of γ sd in the following theorem. VOLUME 6, 2018
Theorem 1: The closed-form expression of CDF F γ sd (x), under uncorrelated Shadowed-Rician fading, can be given as (24) Proof: See Appendix A. Now, by substituting (24) into (23), the OP for HSTRN can be computed directly at x = γ th .
Thus, Theorem 1 presents an analytical expression for the precise OP evaluation of the considered HSTRN, and it allows for the complicated hybrid channel scenario in the presence of outdated CSI and CCI with arbitrary number of antennas, number of interferers, and number of users over entire SNR regime. Although the expression in (24) involves gamma and Whittaker functions, it can be efficiently computed using symbolic software packages such as Matlab and Mathematica, thereby implying its practical usefulness.
B. ACHIEVABLE DIVERSITY ORDER
Although the analytical OP expression using (24) is quite useful and provide several insights from numerical plots, it is too complex to predict diversity order for the proposed HSTRN. Therefore, we need to obtain an equivalent OP expression in asymptotically large SNR regime that helps in identifying the joint impact of outdated CSI, CCI, system configuration and channel fading parameters on the achievable diversity order. For this, in the high SNR regime, we assume η s , η r → ∞ with the ratio η s η r held constant. Consequently, we derive the asymptotic CDF of γ sd under two scenarios, namely outdated CSI (ρ rd < 1) and perfect CSI (ρ rd = 1), under the influence of CCI in the following corollary.
Corollary 1: The CDF F γ sd (x) can be represented at high SNR as
where 1 (x) and 2 (x) are given, respectively, as
Proof: See Appendix B. Now, plugging (25) into (23) and evaluating at x = γ th , an asymptotic OP expression can be obtained. Thereby, one can examine the achievable diversity order for the considered HSTRN under the following cases.
Case-1: For perfect CSI (ρ rd = 1) and low level of CCI (η c η s ), the achievable diversity order (defined by the smallest negative exponent of
Case-2: For outdated CSI (ρ rd < 1) and low level of CCI (η c η s ), the achievable diversity order is
Case-3: For a high level of CCI i.e., when η c increases in the same level as η s while maintaining the ratio η c η s a finite constant, the diversity order reduces to zero regardless of the perfect or outdated CSI cases.
Remark 1: The advantage of a multi-antenna satellite is clearly highlighted by the achievable diversity order of the considered HSTRN. Specifically, with a low level of CCI and perfect CSI condition, the system can exploit multiuser diversity when the number of antennas at satellite is sufficiently high, otherwise the system performance is bottlenecked by the satellite-relay link whose fading parameter m s does not contribute to the diversity order. Hence, the deployment of multiple antennas at the satellite is important to realize the achievable performance gain. In addition, when the CSI is outdated, the advantage of multiuser diversity cannot be realized.
C. ERGODIC CAPACITY
In this section, we determine analytical expression of EC for the considered HSTRN. The EC (in bits/s/Hz) is defined as the statistical expectation of the instantaneous mutual information between the source and destination. For end-to-end SINR γ sd , it is mathematically expressed as
where the factor 1/2 accounts for two-phase transmissions from S to D n . On inserting the SINR γ sd from (7) into (28),
one can readily represent
is defined under the dominance of interference over noise. The direct computation of EC in (29) is cumbersome. Alternatively, we adopt the moment generating function (MGF)-based approach, as in [48] , to evaluate EC as (30) where
Hereby, M γ sc (s) and M γ rd (s) respectively denote the complementary MGF transform and the MGF of γ sc and γ rd . Based on (30), we now proceed to derive closed-form expression of EC in the following theorem. Theorem 2: The EC in (30) under uncorrelated ShadowedRician fading can be given as
where C 1 and C 2 are respectively given by (34) and (35) [50] .
Proof: See Appendix C. Note that the Meijer's G-function can be readily evaluated using built-in function in Mathematica, while the generalized Meijer's G-function can be proficiently evaluated using approach as presented in [52, Table II ]. As such, the derived expression in Theorem 2 is quite useful for precise EC performance evaluation of the considered HSTRN in the generic scenario with arbitrary number of antennas, users, and co-channel interferers.
IV. PERFORMANCE ANALYSIS WITH CORRELATED SHADOWED-RICIAN FADING
Considering R s as N s × N s positive definite matrix with constituent elements as correlation coefficients of the LOS components of the Shadowed-Rician fading links, we can model the channel vector (as h sr = R 1 2 shsr +h sr ) [23] , [36] , where R 1 2 s is the matrix square root of R s . As such, the statistics of γ sr can be evaluated via the following lemma.
Lemma 3: The PDF and CDF of γ sr under correlated Shadowed-Rician fading channels can be represented, respectively, as
Proof: See Appendix D.
Here, we present the analytical OP expression for the considered HSTRN over correlated Shadowed-Rician fading channels by deriving the pertaining CDF of γ sd in the following theorem.
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Theorem 3: The expression of CDF F γ sd (x), under correlated Shadowed-Rician fading, can be given by (38) Proof: See Appendix E. Thus, invoking (38) in (23) and evaluating at x = γ th yield the desired OP for correlated Shadowed-Rician fading case.
B. ACHIEVABLE DIVERSITY ORDER
To examine the diversity order of HSTRN under correlated Shadowed-Rician fading channels, we obtain corresponding asymptotic OP expression through the following corollary.
Corollary 2: The CDF F γ sd (x) with correlated ShadowedRician fading can be represented at high SNR as
where 1 (x) and 2 (x) are same as defined in Corollary 1.
Proof: See Appendix F. Remark 2: The system diversity order of proposed HSTRN is not affected by correlation in satellite antennas as clear from (39) . It is important to note that due to a strong LOS and sparse scattering environment, the channel correlation would exist at the transmitting satellite. However, since the diversity order does not get affected, the deployment of multiple antennas at satellite in HSTRN is greatly motivated for futuristic wireless system design.
C. ERGODIC CAPACITY
The EC under correlated Shadowed-Rician fading is presented in the following theorem. 
Theorem 4:
The EC in (30) under correlated ShadowedRician fading can be given as
where C o1 and C o2 are respectively given by (41) and (42) on bottom of the next page.
Proof: See Appendix G. It is worth mentioning that although the derived expression in Theorem 4 contains infinite series and Meijer's G-function, it can be evaluated efficiently through Mathematica by taking the finite number of terms to achieve the required accuracy, as illustrated numerically in Section V. Thereby, it can facilitate the precise EC performance evaluation of the considered HSTRN under the correlated Shadowed-Rician fading channels with arbitrary number of antennas, users, and co-channel interferers.
V. NUMERICAL AND SIMULATION RESULTS
To evaluate the performance of the considered HSTRN and to assess the usefulness of our derived analytical and asymptotic expressions, we perform numerical investigations and validate the theoretical results through Monte-Carlo simulations in this section. We set d = 1, γ th = 0 dB, η c = 1 dB (unless stated otherwise), and η s = η r as transmit SNR. The Shadowed-Rician fading parameters for satellite (S − R) link are considered as (m s , b, s = 1, 0.063, 0.0007) under heavy shadowing and (m s , b, s = 5, 0.251, 0.279) in average shadowing scenario [27] . In addition, the parameters of interference channels have been set as {m ci } 6 i=1 = {1, 2, 2.5, 3, 3.5, 3.5} and { ci } 6 i=1 = {1, 2.5, 2.5, 3.2, 3.5, 4}. For each set of interfering signals, the parameters calculated for respective analytical curves are depicted in Table 1 . 1, 3, 3 ) for diversity order of 2. Accordingly, system's OP performance improves when these diversity parameters increase. Moreover, we can see that the system outage performance becomes better in average fading condition as compared to heavy shadowing scenario, as expected. Indeed, a relative shift in the OP curves can be seen which is due to the system coding gain influenced by system/channel parameters. system performance is limited by terrestrial links, and hence the curves for both heavy and average fading scenarios are merging at high SNR e.g., see the respective curves for (N s , N , N d ) = (3, 2, 1) . Fig. 4 depicts the effect of different interferers and interference power on the outage performance of considered HSTRN. Herein, we plot the OP curves for M = 1 and M = 6 with a set of interference power η c = (1, 10) dB under both average and heavy Shadowed-Rician fading cases. For this,
VOLUME 6, 2018 It can be observed from Fig. 4 that, as the number of interferes or interference power increases, the OP performance of the system degrades as revealed clearly by set of curves (M , η c ) = (1, 1 dB), (1, 10 dB), (6, 1 dB), (6, 10 dB). Moreover, the analytical and asymptotic curves corresponding to the OP evaluation for finite number of interferers are found to be very accurate to exact simulation results and they are closely aligned in the high SNR regime. It is observed that the high interference power level brings zero diversity floor to the system performance. Note that for both ρ rd = 1 (perfect CSI) and ρ rd < 1 (outdated CSI) cases, the system holds zero diversity gain under high interference power level. Further, one can see that the outdated CSI (ρ rd = 0.8) degrades the system OP performance. It is worth noting that when CSI is outdated (ρ rd < 1) for a fixed number of interferes M , the system OP performance deteriorates owing to the affect on coding gain. Nevertheless, increase in the number of source antennas from N s = 1 to N s = 2 brings improvement in the system outage performance. The agreement between the analytical and asymptotic behaviour is noticeable which is confirmed by simulation, and graphically no visible difference can be found at high SNR.
FIGURE 6. Impact of users/destinations with multiple antennas on the system EC performance.
In Fig. 6 , curves highlight the impact of number of users/destinations with multiple antennas on the EC performance. Specifically, the EC curves are drawn for the four different sets of parameters (N , N d , ρ rd ) under the setting N s = 2, m d = 1, and M = 1. As can be readily observed, the expected result that the EC of the considered system improves when an increase in number of destinations and/or number of antennas at destinations, vindicating the advantages of using multiple destinations with multiple antennas. For example, system configuration with parameters (N , N d , ρ rd ) = (1, 4, 1) and (4, 1, 1 ) can obtain a capacity enhancement compared with (1, 1, 1) . However, it is worth pointing that increasing number of destinations N shows marginal improvement in the system EC under the outdated CSI case (i.e., ρ rd = 0.3), whereas significant enhancement can be realized in EC performance by increasing the number of destinations N and/or destination antennas N d in case of perfect CSI (i.e., ρ rd = 1). Hence, as expected system EC performance improves when CSI becomes perfect. Moreover, it is important to observe that system achieves high EC in average fading as compared to heavy fading scenario for the satellite channels. As we can see, for all the cases in this figure, the analytical and corresponding simulation results show perfect agreement.
In Fig. 7 , we plot the EC curves for different source antenna configurations under the influence of interferers M and different levels of links. For this, we have considered N = 1, N d = 2, and m d = 2. It can be clearly observed that EC performance of the considered HSTRN improves with an increase in the number N s of source antennas. However, diminution in EC is obvious when the number M of interferers or/and interference power level increases. As apparent from the curves, for small number of interferers and low interference power level η c i.e., (M , η s /η c ) = (1, 20dB), the system attains high EC as compared to large number of interferers and high interference power level i.e., (M , η s /η c ) = (2, 10dB). Also, one can observe that the system's EC saturates at high SNR owing to the dominating effect of CCI on the system performance. Moreover, it is apparent from the curves that system achieves enhanced EC for perfect CSI (ρ rd = 1) over outdated CSI (ρ rd = 0.2) case. As seen can be seen from the figure that analytical results perfectly match with the simulation results. 
B. INVESTIGATION WITH CORRELATED SHADOWED-RICIAN FADING
In Fig. 8 , we study and verify the simulated and analytical OP of HSTRN for the exponentially correlated Shadowed-Rician fading channels of satellite links. Curves are plotted for both average and heavy Shadowed-Rician fading scenarios. Elements of pertaining correlation matrix are generated as R s = [ρ i p,q ], p, q = 1, 2, . . . , N s , where correlation coefficient ρ i p,q between the pth and qth antennas of source is given as ρ i p,q = ρ |p−q| i . Herein, the plots are obtained for OP by setting N = 2, M = 3, ρ rd = 0.6, and ρ i = 0.8. In this figure, all the analytical curves are obtained by truncating the infinite series at 40th term in (38) and (39) . We provide Table 2 to reflect the number of terms required for attaining sufficient accuracy. 7 The simulated results corroborate the analytical results. It can be observed further that system attains the same diversity order as obtained in uncorrelated Shadowed-Rician fading case. Thereby, one can clearly see that correlation doesn't affect the system diversity order. Moreover, the performance improvement can be observed when the number of antennas at either source or at destinations increases.
The EC performance is depicted in Fig. 9 over correlated satellite channels for both average and heavy ShadowedRician fading scenarios. To obtain the analytical EC curves, we use first 40 terms for infinite series calculation at each SNR value in (40) . Herein, the EC curves are drawn for 7 In Table 2 , we have performed computation of (38) and (39) by setting (N s , N , M , m d , N d , η c , ρ rd , ρ i ) = (2, 2, 3, 2, 3, 1dB , 0.6, 0.8) and of (40) by setting (N s , N , M , m d , N d , η c , ρ rd , ρ i ) = (2, 4, 1, 1, 1, 1dB , 0.3, 0.5) with the aid of Table 1 at 25 dB SNR under heavy Shadowed-Rician fading. different sets of parameters as adopted for Fig. 6 and by fixing correlation coefficient ρ i = 0.5. Good agreement between simulated and analytical curves is evident. On comparing the curves in Fig. 6 and Fig. 9 , one can infer that owing to correlated fading, the EC of the proposed HSTRN deteriorates. For instance, with a given set of parameters (N , N d , ρ rd ) = (1, 4, 1) under heavy shadowing at 40 dB SNR, one can see that the EC of the system over correlated fading channels is 5.36 bits/s/Hz as illustrated in Fig. 9 , whereas EC achieved by system for uncorrelated fading case is 5.56 bits/s/Hz as clear from Fig. 6 .
VI. CONCLUSION
We conducted a comprehensive performance analysis of a multiuser AF-based HSTRN by deploying multiple antennas at satellite and users under Shadowed-Rician fading for satellite links and Nakagami-m fading for terrestrial links. Herein, for complexity-aware HSTRN design in real operating conditions, we considered opportunistic scheduling of users with outdated CSI and AF relaying in the presence of CCI signals. We derived accurate and generalized expressions for OP and EC measures of the considered HSTRN by taking into account both uncorrelated and correlated ShadowedRician fading channels for satellite links. By further deriving the asymptotic OP expressions, we deduced the achievable diversity orders. We substantiated that the system diversity order is greatly influenced by number of antennas, users and level of CSI and CCI, but independent of the correlation and fading parameter of the LOS in multi-antenna satellite links. Our results identified various key system/channel parameters and provided useful insights for deployment of HSTRN in futuristic wireless systems. A straightforward extension of our present model would lie in the consideration of multiple antennas at the relay to address a more general scenario in practice.
APPENDIX A
The CDF F γ sd (x) can be written using (7) as
Under the interference limited scenario [39] , the CDF F γ sd (x) in (43) can be simplified and expressed in terms of expectation over γ c as
which can be simplified further and given as
where (x, γ c ) is defined by an integral as
On invoking the CDF of γ sr from (12) and the PDF of γ rd from (15) (47) over γ c using the PDF from (20) as
with the aid of [49, eq. (6.641.
3)], and finally, by substituting the obtained result in (45) , one can reach (24) .
APPENDIX B
In the high SNR regime, the end-to-end SINR in (7) can be represented as γ sd min
, γ rd , and hence the CDF F γ sd (x) is written as
By defining the ratio γ sc = γ sr γ c and exploiting the independence among the involved RVs in (49), we can express F γ sd (x) as
To proceed further, we need to evaluate the asymptotic behavior for the CDFs F γ sc (x) and F γ rd (x). First, for η s → ∞, we can apply the Maclaurin series expansion of the exponential function in (11) to approximate the PDF of γ sr as
and the corresponding CDF follows asymptotic behavior as
Then, using (52) and PDF from (20) , one can calculate the asymptotic behavior of F γ sc (x) as
And, to obtain asymptotic behavior of F γ rd (γ th ), we first simplify the PDF in (15) for η r → ∞ and then integrate the result. Thereby, the asymptotic behavior of the corresponding CDF can be deduced for ρ rd < 1 as
For ρ rd = 1, the asymptotic behavior of F γ rd (γ th ) can be obtained straightforwardly as
Now, after inserting (54)- (56) in (50), one can obtain (25) .
APPENDIX C
Under the hypotheses of Theorem 2, C 1 can be written as
To evaluate complementary MGF transform of γ sc in (57), first we require the CDF of γ sc . On invoking the CDF from (12) and the PDF from (20) into (53), and after performing the required integration, the CDF F γ sc (x) can be derived as
Then, on inserting the expression from (58) into (31), we have
To compute the integral in (59), we make use of the identities of Meijer's G-function as [51, eqs. (10) and (11) 
Thereby, solving the integral in (59) using (60) 
On inserting the above result in (57), and then solving the involved integral using [49, eq. (7.813.1)], we get the expression of C 1 as given in (34) . Further, to evaluate C in (30), we need to solve the component C 2 which can be written as
We proceed by first evaluating the MGF of γ rd from (32) using the PDF from (15) as
Finally, by substituting the results from (61) and (63) in (62), and performing the integration with the aid of [47, eq. (2.6.2)], the expression as given in (35) 
where the involved parameters are defined after (37) . For integer m s , the hypergeometric function in (64) can be represented via Kummer's transform as in (9) . Thus, by employing (9) and a transformation of variates, we can obtain the PDF of γ sr = η s γ as
After some straightforward manipulations, the above PDF f γ sr (x) can be expressed in a more compact-form as given in (36) . Finally, by integrating (36) with the help of [49, eq. (3.351. 2)], one can get the corresponding CDF F γ sr (x) as presented in (37) .
APPENDIX E
To evaluate the CDF F γ sd (x) under correlated ShadowedRician fading case, we follow the same procedure as in Appendix A. On invoking the CDF from (37) in (46) along with PDF f γ rd (x) from (15), we get (x, γ c ) for correlated Shadowed-Rician fading case, which is given in (66), as shown at the top of this page.
In the sequence, we calculate E γ c [ (x, γ c )] by performing the expectation of (66) using the PDF from (20) along with the fact [49, eq. (6.641.3) ]. On substituting the so obtained result in (45) , the closed-form CDF F γ sd (x) in (38) is achieved.
APPENDIX F
With regard to the correlated case of Corollary 2, the asymptotic expression of F γ sd (x) can be evaluated similarly as in Appendix B. To proceed, we need to evaluate the asymptotic behavior for the CDF F γ sc (x) over correlated ShadowedRician fading channels. For this, we simplify the PDF in (36) for η s → ∞ as
Then, using (68) and PDF from (20) , one can calculate the asymptotic behavior of F γ sc (x) in (53) for correlated fading case as
And, for η r → ∞, we use asymptotic behavior of F γ rd (γ th ) as provided in (55) and (56). Finally, after plugging (69), (55), and (56) into (50), we obtain the result in (39) .
APPENDIX G
EC for the correlated Shadowed-Rician fading case can be evaluated by using the similar steps as in Appendix C. Under the hypotheses of Theorem 4, C o1 and C o2 represent the first and second integral terms in (30) , which are equivalent to C 1 in (57) and C 2 in (62), respectively. Thereby, to evaluate C o1 , we require the complementary MGF transform of γ sc , which can be calculated by invoking CDF F γ sc (x) in (31) for correlated fading case. For this, we first obtain the CDF of γ sc , by using (37) and (20) in (53), as
Now, substituting (70) in (31) and solving involved integral with the aid of (60), [51, 
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